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By William A, Fleming

SUMMARY

An invegtigation of a heated jet was conducted in conjunction
with tests of an axial-flow Jjet-propulsion engine in the Cleveland
altitude wind tunnel. Pressure and temperature surveys were made
gcross the Jet 10 and 15 feet behind the Jet-nozzle outlet of the
engine., BSurveys were cbtained at pressure altitudes of 10,000,
20,000, 30,000, and 40,000 feet with test-sectlon velocities from
30 to 110 feet pexr second and test-section temperatures fram 60°
to -50° F rom measurements taken throughout the operable range
of engine speeds, tall-plpe cutlet temperatures from 500° to 1250° F
and Jet velncitlies from 400 to 2200 feet per second wore obtalned.
The Jet-survey deta presented extend the work previously done with
low~velocity and low-temperature Jets to the region_of high veloc-
ities and high temperatures.

The results obtained agree with previously determlned experi-
mental datae and with predicted theoretical expressions for the
dimensionless transverse veloclty and temperature proflles scross
a Jet. The spread of bhoth the temperature and the velocity pro-
files was very nearly linear. Dimensionless plots of temperature
and velocity along the axis of a heated Jet agree wlith experi-
mental resultas of tests with a cold jJet.

INTRODUCTION

The characterigtica of the spread of a jot have been theo-
retically investigated (references 1 and 2) and experiments were
conducted with smell slightly heated Jets (reference 3) and with
a large Jot at room temperature (reference 1, p. 593). This work
wag done &t spproximately sea-level pressure with the ailr surrounding
the Jet at very nearly static conditions. Scme work has also been
reported on small oblique Jets discharging into & high-velocity
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gtream. No results ars generally avallable on characteristics of ———
high~-temperature, high-veloclty Jets of the size sncountered in Jet-
propulsion engines.

In conJunction with tests of a Jet-propulsion engine equlipped
with an aexial~flow compreagor in the Cleveland altitude wind tunnel,
e survey of the Jet was made to provide informetlon by which an
engine could he so located in an sirplanse that no external surface
weg overheated by the Jet. Data were obtalined at altitudes from
10,000 to 40,000 feet by varying the temperature and pressure ln the
tunnel.

The temperature and the velocity on the axisg of the Jjet and the
diameter of the Jeot are presented nondimensgionglly as functions of
the axial distan~e from the Jet-nozzle ocutlet and the dlameter of the
Jet at the vena contracta. Nondimenaslonsal transverse profiles of
velocity and temperature across the Jet are presented as functions
of the digtance from the Jet axis and the radius of the Jet boundary.
Comparigons are made between these data and previously publighed
theoretical predictions by Prandtl (reference 2) and experimental
data reported by Corrsin (reference 3.)

INSTRUMENTATION AND SURVEY APPARATUS

A survey rake was mounted verticelly in the 20-foot-diameter test
gection of the altitude wind tunnel 10 feet behind the Jet nozzle for
part of"—the tests and 15 feet behind the Jet nozzle for the other
teste. (See flg. 1.) TUnshielded total-pressure tubes were used in
the survey rake. Unshielded chromel-alumel thermoccuples were used in
the high-temperature reglon of the Jjet and iron-constantan thermo-
couples were uged in the low-temperature reglons of the survey. The
survey of total pressures and temperstures extended 14 feet acroass the
teat section and the center of the survey was on the axis of the Jet
nozzle. No static-pressure measurements were made in the jJet. Inas-
much as the surveys were made beyond the vena contracta, the statlic
pressure 1n the Jet—was aggumed equal to the tegt-gection static
pressure.

A survey rake was installed at the Jjet-nozzls outlet to measure
the digtribution of temperature and pressure acrose the Jet. Typical
surveys of temperature and pressure at the Jet-nozzle outlet are pre-
gented in reference 4 (fig. 5),
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TEST PROCEIURE

Temperature and pressure surveys were made across the Jet to
determine the magnitude, the boundaries, and the transverse profile
of the Jet. The surveys were made vertlcally scross the axis of the
Jot at digtances of 10 and 15 feet behind the Jet-nozzle outlet.

The surveys made at 10 feet were with an 18-inch-dlemeter Jet nozzle
ingtalled on the englne and the surveys made at 15 feet were with a

19%-1nch-diam9ter Jet nozzle. The Jét nozzles were conical gections

20 and 10 inches long, regwectively, with an inlet diemeter of
21l inches,

Invegtigations of the Jjet characterisgtics were made at pressure
altitudses of 10,000, 20,000, 30,000, and 40,000 feet with test-section
velocitles varying from 30 to 110 feet per msecond. Tio Lemperature in
the test gection was varied from 60° to -50° F aund. en attempt was made
to obtaln approximately WACA standard temperatures for each altitude.
The engine was operated from i1dling speed to full speed and the tail-
pipe temperatures were correspondingly varied from 500° to 1250° ®
with respective Jet velocities from 400 to 2200 feet per second.

SYMBOLS

The following symbols are used in thls report:

A area, square feet
Sp specific heat of gas at constant pressure, Btu per pound per Op
D diemeter, feet
e acceleration of gravity, feet per second per gecond
B total pressure, pounds per sguare foot absolute
J mechanical equlvalent of hsat, Ffoot-pounds per Biu
M mags flow, slugs per second
P statlc pressure, pounds per sgquare foot absolute
R gas constant, feet per °R
radius, feet
T total temperature, °R
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indicated temperature, °r

t gtatic temperature, °R

v velocity, feet per second

W weight flow, pounds per gecond

x distance from Jet-nozzle ocutlet, feet
Yy distance from Jet axis, feet

V4 ratio of specific heets for gases
p mass denslty of gas, slugs per cubic foot -
Subscripts: — e e e e e e
24 exhaust gas

exhaust Jet at vena contracta

0 free stream

on Jet axis at dlstance x from nozzle

M

¥ at distance ¥ from Jet exis

METHODS QF CALCULATION

The total pressures and tomperatures used to calculate tho
velocity acrass the Jet were ohtained from falred values of the
meagured data. From these valuss and an assumed static pressure
in the Jet equsl to the tost-section static pregsure, the Jet
volocity was calculated as o

| y-1 R
f /4
v._)r =/IngcPty (Hy/po) =1 (1)

The test~section velocity and the maximum Jot velocity (the
velocity at the vema contracta) were calculated with .eguation (1)
by substituting the corresponding values of tomperaturc and
presgure. In order to determine tho maximum Jet velocity, the
assumptlon was made that the total prossure and temperature at tho

vena contracta were the same asg at the Jot=nozzle outlct and the
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Jet was agsumed to so expand adisbatically that the static preasure
et that station was egqual to the test-section static pressure.

The theoretical area of the Jet at the vena contracta was deter-
mined from the mass, the veloclty, and the density of the gas flow
calculated for that station. Combinlng these guantities gave the
equation i

M W Rt
= 8. _isl

Inasmuch as the velocity and the temperature were messgured and found
to be nearly uniform across the nozzle outlet, the assumption was
made that they were uniform across the vena contracta.

A sample thermocouple of the type used in the survey raeke was
calibrated cold up to & Mach number of about 0.8. This calibration
showed that the thermocouple measured the static temperature plus
epproximately 85 percent of the adiabatlc temperature rise due to
the Impact of the air on the thermocouple, If the radiatlon effect
of the tunnel test-gection well and tail plpe on the thermocouple is
neglected, the static temperature is then

Ti'

t = (3)

z=1
1 + 0.85 [(H/p) 7 -1

CHARACTERISTICS OF HOT EXHAUST JET

Typical profiles of the velocity and the temperature across
the Jot are shown In figure 2. Varlation of the temperaturs and
the velocity ocutgide the jet was Gue to the change in free-gtrsam
temperature and veloclity in the tunnel test section. Profiles such
&8s those in figure 2 were used to determine the Jet boundasries and
the magnitude of the temperature and the velocity across the Jut.
The vena contracta, which is the station downstream of the nozzle
at whlch the Jjet reaches amblent pressure and begins to spread, is
considered a dlscharges orifice that has & diameter D,;. This
dismeter, ae celculated from the resgults obtalned by equetion (2),
was found to be from 3 to 10 percent smaller thean the Jet-nozzle-
outlet diameter. Inasmich ag these two diameters were approximstely
the seme, the assumption was made that the Jet began to expand
immedietely behind the Jet-nozzle ocutlet and that the vens contracta
wasg very close to the Jet-nozzle outlet. This apsumption is necarly
correct and ls the best that can be mads inasmuch as no surveys were
made closer than 10 feet from the nozzls.
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The distance x from the origln of the Jet and the jJet diam-
eter DI, were divided by the diemeter of the vena contracta DJ
and are nondimensionally plotted in figure 3. The dieameter of the
Jet Dy was found to be very nearly a linear function of the

distance x along the axls fram the Jet-nozzle outlet. The diam~
eter of the temperature profile wes approximately 0.28 times ths
distance from the origin of the Jet and the diameter of the velocity
profile wag approximstely 0.26 times the digtance from the origin

of the Jet. Corrsin (reference 3) presents curves from tests with

a amall heated Jet, which also show that the diameter of the temper~
ature end velocliy profilsa lncrease very nearly linearly with axilal
diastance from the nozzle. Prandil theoretically predicted (refer-
ence 2) that the diameter of the velocity profile would be 0.255 times
the distance from the origin of the Jet. The curves In figure 3 are ‘
extrapolated to unity at the Jet-nozzle outlet, which is very close

to the point at which the vena contracta occurs.

A nondimenglional expression for the velocity at the Jet axis
i1s plotted in figure 4 agalinsgt the distance fram the origin divided
by the vena-contracta dlameter x/D;. The nondimensional expresaion
for velocity ie the ratic of the difference between the velocliy on
the Jet exis and the free-stream veloclty to the difference between

V-V,

the maximum Jet velocity and the free-gtream velocity Vj-vg The
data presented were obtained at distances of 6.67 and 9.23 Jet-nozzle
diameters behind the Jet nozzle for pressure altitudes of 10,000,
20,000, 30,000, and 40,000 feet throughout the greater part of the
engine-gspeed range. The curve plotted through these polnts in fig-
ure 4 wag obtained by Corrsin (reference 3) from an investigation of
e heated Jet. The curve and plotted data are In close agreement,
between 6 end 7 diameters of the vena contracta from the origin of
the Jet; between 9 and 10 Giameters from the origin, however, the
curve 1s slightly below the plotted data. No data were obtained to
confirm the shape of the curve at lese than 6 diameters from the
nozzle. .

In all the relations presented that involve the temperature
in the Jet, total temperature was used. Although the development
of jet theory uses the static temperature, the total temperature
1s more significant in the case of & heated jet because it iag &
measure of the total energy in a Jet, A particle of gas being
discharged from a heated Jet has & greater amount of heat and
kinetic energy than a similar particle in the free stream. When
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an energy exchange occurs in the mixing process, the Jjet gives
up part of its heat energy and part of lts kinetic energy to the
free stream. In the transfer of kinetlic energy the losses are
converted into heat energy. VWhen the stetic temperature is used,
the kinetic energy converted inmto heat energy is neglected.

A mAarndd Gnn'l aynraaasinmm For the tnotal +temmneratnirae an the

LiRdel. T ML VDDLUl & Vi Vi VU UG VUYL G UL O Vil Gaav

E}

Jet axis, which is similar to the velocity expression, is plotted
against x/DJ in figure_ 5, The nondimensional factor for tobal
tomperature is the ratio of the differeonce betwesn the total
temperature on the Jot axis and free-stream temperature to the

difference between the total temperaturs at the vena contracta and
m__m_
X -0

S

TJ-TO

the free-stream temperaturs . Thesas data were obtained for

the same range of conditions es the veloclty parameters presented
in figure 4. The curve plotted in figure 5, which was dstermined
by Corrsin, and the plotted data are in close agreement. :

The veloclity proflle across the Jet 1s plotted nondimensionally
(fig. 6) ageinst the distance from the Jet axis divided by the
radius of the Jet y/r. The wveloclty parameter is the ratio of
the difference between the velocity In the Jet and the free-stream
velocity to the difference bestween the_velocity on the axis and

the free-stream velocity .____Q The date pressnted were

obtained at 62 and 9l vena-congracta diameters (10 and 15 £%)

behind the Jet-nozzle outlet at pressure altitudes of 10,000 and
30,000 feet throughout the greater part of the engine-speed range.
The data obtalined throughout the entire range of test conditions
fell on a single curve for veloclity profile at each station.

A dashed curve that represents the theoretlcal shape of the
Jet at large distances from the Jet-nozzle outlet is also plobted
in figure 6. An expression for this curve was presented by Prandtl
in reference 2 {eguation (25.20)) as

2
v, - Vg = ———0'251%[1 - (y/r)3/2] (4)

where B is the ratlo of the mixing length perpendicular to the
directlion of flow to the width of the mixing zone and M 1s the
totael momentum contained in a portion of fluid of unit length in
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the direction of motion end unit wicth porpendicular to the .
éirection of motion. Therefore, in the case dimcussed :

0.351 fM _ ~
) EE = Vi Vb

Egquation (4) can thon be resrranged to give the nond imensional

volocity parametor

Vo~V 2

0 3/2

7 =[1 - (3/7) /] (5)
x 0

The curve obtained with tihis equation i1s in reasonadle agrecment
with the measured data. _ ,

The temperature profile across the Jet—is plotted nondi-
mengsionally in flgure 7 againat the dilstance from tkhe Jet axils
divided by the Jot radius y/r. The temperaturc paramoter is the
ratio of the difference boetween the total tomperature in the Jet
end the freo-stream totgl temperature to the differonce botweoen
the total tomperature on the Jet axls and the free-sgtrcam totel

Toom . _ _ .
temporature Ty TO' The data in figures 7(a) and 7(b) worc obtained
Vel 70 - L ' ' :
i T A

at 6% and 9% véﬁa—contracta diamoters (10 and 15 £t} bohind the

nozzle outlet, respectively. The data obtained ﬁhroughqut the
entire range of test conditions fell on a single curve at ocach
station.

According to tho momentum~-transfer theory, tho gtatic-
tomporature distrlbution and the velocity distribution across a
wake arc the samo. Thils relation is discussed by Goldstein in
roferonce 1 (p,585). Inesamuch as tho tctal temperaturc is moro
significant than the static tomporature in work with a heoatod
Jot and the total-temperature and stabtic-tamporature profilos
aro eimilar, tho total temporsture is substlituted for veloclty
in equation (4) to glve

T =T, - 3/2)2
50 -
={1 - (y/r) (6)
TzTo [ / ]
This oquation givos the dashed curve plotced in figure 7, which _
ia vory simllar to the dimonsionless total-tomporaturc profillo . -

experimontally meas.wred. A cormparigon of figures 8 and 7 shows
that the shapes of the dimensionless total-tempersature and
veloclity profiles across a heated Jot are very nearly bvho samo,
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A slight asymmetry In both temperature and volocity profiles
wes attributed to interference between the Jjet woke and the wake
from the trailing edge of the alrfoil on which the ongine was
supported. Approximately the same degree of asymmotry appears
for temperature and velocity profiles.

el dala
4

velocities as high ag 2200 feet per second and Jot tamperatures as
high as 1250° F extend tho work done by Corrsin (reforence 3), in
which he investigated the wake of 1- and 3-inch heated Jets with a
throat velocity of approximately 67 foot per second. A comparison
of the wind-tumnel rosults end investigantions by Carrsin indicated
that tho characterlestics of a small low-veloclity and low-temporature
Jot are similar to thome of a large high-velocity and high-
tomperaturce Jot. Results of the Jot surveys also agreooe wlith tho
theoretical predictions for the ghape and the spread of a Jetb,

SUMMARY OF RESULTS:

Based on the somevhat limited data of this investigation at
pressure altitudes fram 10,000 to 40,000 feet, tail-pipe tempera-
tures from 500° to 1250° F and Jjet velocities fram 400 to 2200 feet
per second, the following reSths are prasonted:

1., Dimensionless plots of temperature and velocity distri-
bution in & keated Jot are in close agroement with theoretical
predictions and with experimental results from tests of cold Jois

2. The spread of the temperature and veloclty profilea of a
heated Jjet were very nearly linear, which agrees closely with
theoretical predictions. Heat diffuses more rapidly than voloclty
in a heated Jjet. The diamoeter of the tamperature profile was
approximately 0.28 times the distance from the nozzle outlet and
the dliameter of the velocity profile was approximately 0.26 times
the distance from the nozzle outlet.
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3. Dimengionless plote of temperature and velocity on the ax’s
of a heated Jet are in fairly cloge agresment wlth experimental
resultg of tests with a cold Jet.

Alrcraft Engine Reswvarch Laboratory,
National Advigory Commlttes for Aeronautics,
Cleveland, Ohio.
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(b) Profile measured at approximately 9% vena—-contiracta
diameters from jet origin.

Figure 8, — Concluded. Comparison of. transverse velocity profile
measured across jet with theoretical profile calculated from

equation (5).
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(a) Profile measured at approximately 6l vena—contracta
diameters from jet origin.
Figure 7. — Comparison of transverse temperature profile

measured across jet with theoretical profile calculated
from equation (8).
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(b} Profile measured at approximately 9.k vena-contracta
diameters from jet origin.

Figure 7. — Concluded. Comparison of transverse temperature
profile measured across jet with theoretical profile
calculated from equation (8).
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